r The cerebral response to fetal asphyxia is characterized by an upregulation of nucleic acid and chromatin modification processes, as well as a downregulation of metabolic processes at 1 h post-umbilical cord occlusion (UCO).
Introduction
Hypoxia is a common stressor during fetal development, which might compromise the health of newborns and predispose them to disease later in life (Castillo-Melendez et al. 2004; Calkins & Devaskar, 2011; Castillo-Melendez et al. 2013) . Umbilical cord occlusion (UCO) is a severe asphyxic stimulation resulting from compression of the umbilical cord, which is observed in late gestation or during difficult and prolonged labours (Volpe, 2001; Castillo-Melendez et al. 2004; Castillo-Melendez et al. 2013) . The acute fetal response to UCO is characterized by changes in haemodynamic and neuroendocrine mechanisms that lead to a rearrangement of the combined ventricular output towards relevant organs (brain, heart and adrenals) for survival (Sidi et al. 1983; Giussani et al. 1997; Zarate et al. 2016 ). Nevertheless, prolonged or intermittent UCO stimulation could result in neuronal damage, as reported in various brain regions using the rat and sheep models (Hagberg et al. 1994; Volpe, 2009; Castillo-Melendez et al. 2013; Drury et al. 2014; Aksoy et al. 2016) .
Cerebral damage produced by hypoxia can be explained by an overstimulation of the non-competitive NMDA receptors, which promotes neuronal excitotoxicity leading to tissue inflammation and apoptosis (Choi & Rothman, 1990; Castillo-Melendez et al. 2013) . The degree of damage produced by hypoxia is reported as an increase in pro-inflammatory mediators (Castillo-Melendez et al. 2004; Castillo-Melendez et al. 2013; Chang et al. 2016a) , aggregation of immune cells (Castillo-Melendez et al. 2013; Chang et al. 2016a ) and neurological signs after the baby is born (Castillo-Melendez et al. 2013) . Recently, our group has reported that 30 min of maternal ventilatory hypoxic hypoxia (HH), which decreased maternal and fetal P aO 2 by 50%, produces an upregulation of the fetal immune response, and also the inflammatory and cell death pathways, as well as an increase in the number of macrophages in the fetal brain cortex (Chang et al. 2016a ) and kidney cortex (Chang et al. 2016b) . Similarly, we have shown that ketamine, a non-competitive NMDA receptor antagonist, had anti-inflammatory properties against these responses (Chang et al. 2016b; Chang et al. 2016a ). The present study aimed to assess the effects of UCO, as resulting in a 50% decrease in fetal P aO 2 , on the transcriptomics response in the fetal brain cortex by applying a systems biology approach. We hypothesized that 30 min of transient UCO during late gestation will produce a more robust and prominent inflammatory response in the fetal brain cortex compared to HH and also that treatment with ketamine will contribute to diminish these responses. Furthermore, we wanted to compare both transcriptomics responses to UCO and HH in the fetal brain cortex and determine whether there is a common pathway in the response to fetal hypoxia regardless of the type and origin of the insult.
Methods

Ethical approval
All procedures were approved by the University of Florida Institutional Animal Care and Use Committee and performed in accordance with the Guiding Principles for the Care and Use of Vertebrate Animals in Research and Training of the American Physiological Society. The experiment involved 16 chronically catheterized ovine fetuses with multiple mixed breeds that had ad libitum access to food and water.
Fetal surgery
Surgical procedures were performed at 125 ± 4 days of gestation. Our maternal/fetal chronical catheterization model has been described previously by our group (Chang & Wood, 2015) . Briefly, ewes were fasted 24 h before surgery, and received a standard preoperative care consisting on the administration of ampicillin (Polyflex; Boehringer Ingelheim VetMedica Inc., St Joseph, MO, USA) and blood chemistry analysis for glucose and electrolyte levels. Subsequently, animals were anaesthetized and intubated with 0.5-2.0% isoflurane with oxygen. We surgically placed a 12 mm vascular occluder into the umbilical cord (In Vivo Metric, Healdsburg, CA, USA), a set of fetal femoral arterial and venous catheters, and a catheter in the amniotic fluid space. All catheters were exited from the right flank of the ewe and placed into a disposable pouch. After surgery, animals needed a minimum of 5 days for postoperative care. During this period, we monitored rectal temperature and health status, as well as administered antibiotics and analgesics.
In vivo experimental procedures
Throughout all the experiment, ewes were conscious and freestanding in their pens with free access to food. We had a total of 16 animals randomly assigned to four different treatments (normoxia ± ketamine and UCO ± ketamine). The fetal mean arterial pressure, heart rate and amniotic fluid pressure were monitored continuously throughout the experiment. Ketamine was administered (3 mg kg -1 ) to the fetal femoral venous catheter 10 min prior to UCO or sham UCO. UCO was induced by infusion of saline into the extravascular occluder and then adjusted to decrease P aO 2 levels down to 50% for 30 min. Fetal arterial blood was collected (1 mL) in heparinized tubes to closely monitor changes in P aO 2 , P aCO 2 and pH using a Vet Scan i-STAT (Abaxis, Union City, CA, USA). The fetal hemodynamics, blood gases and endocrine values have been reported previously (Zarate et al. 2016) . Ewes and fetuses were killed 1 and 24 h after UCO or normoxia experiments with an I.V. overdose of sodium pentobarbital. Fetal brain was dissected, snap frozen in liquid nitrogen and stored at -80°C until further analyses.
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Microarray procedures
We extracted the mRNA from our two groups of fetal frontal cortex (1 and 24 h after UCO) using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA), with mRNA integrity number values between 7.3 and 9.0, and labelled samples with cyanine 3 CTP using the Quick Amp Labeling Kit (Agilent Technologies, Santa Clara, CA). The labelled cRNAs ranged from 9.8 to 24.3 pmol Cy3 μg -1 RNA and from 7.4 to 13.6 μg. The cRNA samples were hybridized and processed for one-channel Sheep Gene Expression Microarray (8 × 15.5K slide), employing eight arrays with 15,208 oligomers each (Agilent Technologies) as reported in previous studies (Rabaglino et al. 2012; Wood et al. 2013; Wood et al. 2014) . We scanned the slides with a Microarray Scanner System (Agilent Technologies) and detected and converted measured fluorescence using Feature Extraction, version 9.1 (Agilent Technologies) at the Genomics Division of the University of Florida's Interdisciplinary Center for Biotechnology Research. We used Rstudio, version 0.98.1103 (https://www.rstudio.com) and applied the Bioconductor package (http://bioconductor.org) for raw data import, background correction, data normalization through the quantile method (Smyth & Speed, 2003) and statistical analysis of the normalized data. Microarray data have been deposited in the NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo) under accession number GSE76110. The functional annotation of gene ontology for significantly up-and downregulated genes was analysed using WebGestalt (WEB-based Gene SeT AnaLysis Toolkit) (Wang et al. 2013) . Enrichment analysis was performed using hypergeometric tests and correction for multiple comparisons was performed in accordance with the method of Benjamini and Hochberg (Benjamini & Hochberg, 1995) .
Quantitative real-time PCR mRNA extracted for microarray was converted into cDNA using a High-Capacity Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). Primers were designed based on the Bos taurus and Ovis aries genomes for SYBR green (Table 1) . We also aimed to detect bacterial 16S rRNA in our samples using bacterial universal primers. We used the ovine housekeeping gene β-actin as control, as previously described by Wood et al. (2013) . We calculated mRNA expression as the difference in threshold cycle ( Ct) between the mean Ct of each gene and the housekeeping control (β-actin) from the same sample. 
Statistical analysis
We analysed the ovine Agilent 15.5K array data with the Bioconductor Limma package for R software, version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria), as described previously by Smyth (Smyth & Speed, 2003) , and employed a moderated t test using the empirical Bayes method for a small sample size per group (P < 0.05). A 2 × 2 factorial design experiment for quantitative PCR data was analysed by a two-way ANOVA with stimulus (UCO/normoxia) and treatment (ketamine/control) as factors. P < 0.05 was considered statistically significant and, if this was the case, we conducted the Bonferroni post hoc test to determine the difference between groups.
Results
Global fetal response to UCO
UCO reduced fetal P aO 2 levels to ß50% (mmHg), induced hypercapnia and reduced fetal blood pH. The administration of ketamine produced a reduction of P aCO 2 levels and a rise in blood pH in UCO fetuses ( (Zarate et al. 2016) .
Transcriptomics response to UCO at 1 h
The volcano plot in Fig. 1A shows that UCO upregulated the expression of 313 genes and decreased the expression levels of 229 genes in the cerebral cortex (P < 0.05) compared to normoxic animals. We further analysed these genes (up-and downregulated) for gene ontology biological processes (Table 3 ), molecular functions (Table 4 ) and pathway name (Table 5) analyses. At 1 h after UCO, the biological processes upregulated were mainly associated with chromatin and histone modifications, cellular metabolic processes, chromosome and chromatin organization, and RNA processing (Table 3 ). Molecular functions upregulated by UCO involved mainly protein, nucleotide and small molecule binding (Table 4) . The main pathways affected by UCO were related to spliceosome, tight junctions and some signalling pathways (Table 5) . UCO primarily downregulated different metabolic processes (Table 3) , protein and nucleotide binding (Table 4) and pathways related to RNA transport and metabolism (Table 5 ). The administration of ketamine only upregulated a total of 45 genes and downregulated 58 (P < 0.05). Upregulated processes were related to endothelial cell development and RNA binding, whereas there were no downregulated processes regulated by ketamine after UCO.
We performed a quantitative real-time PCR analysis for a set of genes known to be upregulated in other hypoxic models ( Fig. 2A) . UCO did not affect the gene expression of inflammation and apoptosis markers (CD14, NFKB, MYD88, BAD and CASP3) affected by HH, as previously reported by our group. However, UCO induced the downregulation of the ALDH1A1 gene in fetuses regardless of the effects of ketamine (P < 0.01, stimulus effect).
Transcriptomics response to UCO at 24 h
A volcano plot indicates that UCO produced the up-and downregulation of 229 and 178 genes in the cerebral cortex compared to the normoxia group, respectively (P < 0.05) (Fig. 1B) . Further gene ontology biological process (Table 6 ), molecular functions (Table 7) and common pathway analyses (Table 8) were performed. The main processes upregulated by UCO involved cellular, macromolecule and protein metabolic processes (Table 6) , protein and RNA binding (Table 7 ) and ribosomal and toll-like receptor pathways (Table 8 ).
Significant processes downregulated by UCO were mainly related to metabolic pathways (Tables 6 and 8) . Ketamine upregulated 208 genes and downregulated 239 (P < 0.05) in UCO fetuses. The pathways that were up-and downregulated involved cellular and protein metabolism, protein binding and metabolic pathways (Tables 6-8) .
Quantitative real-time PCR analysis indicated that UCO did not have an effect on the gene expression of BAD, CD14, NFKB and MYD88 (Fig. 2B) . UCO increased the gene expression of CASP3 compared to the normoxic group and this effect was ameliorated by the infusion of ketamine (P = 0.01, stimulus × treatment effect). However, ketamine increased the expression of CASP3 in the normoxic animals compared to control (P = 0.01, stimulus × treatment effect). UCO downregulated HBA1 J Physiol 596.23 expression with no effect of ketamine administration (P < 0.01, stimulus effect). Gene expression of bacterial 16S rRNA was detected in fetal brain cortex tissues (normoxia and UCO) and this was reduced by the administration of ketamine in both groups (P < 0.05, treatment effect).
We performed a gene ontology network analysis with all the up-and downregulated genes induced by UCO vs. normoxia. Figure 3 shows the combined up-and downregulated pathways responses, both at 1 and 24 h post UCO stimulus in the fetal cerebral cortex. Most of the significant upregulated pathways appeared 24 h after UCO and are related to protein metabolism and processes (Fig. 3A) . There was no biological processes overlap between 1 and 24 h post UCO (Fig. 3A) .
Transcriptomics response comparison between UCO vs. HH
We further compared the fetal genomic response between fetuses subjected to UCO vs. HH in the cerebral cortex 24 h post stimulus. HH, also known as ventilatory hypoxia, is a hypoxic model based on reducing maternal P aO 2 levels to 50% via the infusion of nitrogen gas through a tracheal tube; thus, fetal P aO 2 will also be diminished by 50%. Our laboratory has extensively studied this model and previously published the haemodynamics, neuroendocrine and transcriptomics response to HH in fetal sheep (Chang & Wood, 2015; Chang et al. 2016a) . Briefly, a 30 min episode of HH produced a robust immune response characterized by an upregulation Figure 4 shows a Venn diagram comparing the upand downregulation of genes induced by UCO vs. HH. UCO and HH shared nine common upregulated genes (BACE2, C1QB, C7, EIF3C, FAM43A, ITFG3, MYD88, NEDD9 and NFKIA) from a total of 229 and 244 genes for UCO and HH, respectively (Fig. 4A) . Furthermore, both hypoxic models downregulated 13 common genes (ANKRD39, CCAR1, CHCHD7, CNO, DIAPH3, DUSP6, ETV3, KLF4, MKKS, MRPL11, TTR, UBN1 and ZAK) from a total of 178 and 470 genes for UCO and HH, respectively (Fig. 4B) .
Discussion
The present study reveals the fetal transcriptomics profile to UCO in the cerebral frontal cortex using a systems biology approach. Our main findings are that UCO produces a response characterized by different cellular processes and metabolism at two time points (1 and 24 h post stimulus). At 1 h post-UCO, the results indicate an upregulation of nucleic acid processes, epigenetic pathways and cell repair mechanisms, as well as a downregulation of various cellular and metabolic processes. All of these responses have been described previously as the primary early cellular response to other fetal hypoxia models in the pituitary gland and hypothalamus (Wood et al. 2013 ) at 1 h post stimulus. This suggests that there is a common immediate response pattern among cerebral tissues to hypoxia characterized by cellular repair, changes in the epigenome and possible inhibition of non-vital energy-dependent pathways. Epigenetic studies have addressed the role of chromatin and histone modifications in neurogenesis (Song & Ghosh, 2004; Lee et al. 2009 ) and vascular development (Chang et al. 2006) . However, their role in UCO has not yet been fully clarified. Future work should focus on determining whether chromatin modifications have inhibitory or activating effects in the early fetal cerebral response to UCO. We did not find any upregulation of inflammatory or cell death pathways in the UCO group, presumably as a consequence of the J Physiol 596.23 early stage of the response. Ota et al. (1997) described a mild increase in the appearance of heat shock protein-72 (hsp-72) in the hippocampi of neonatal rats at 1 h post ischaemic hypoxia, reaching hsp-72 maximal levels along with a high cerebral damage at 24 h. We did not observe any upregulation of heat shock proteins or hypoxia inducible factors in our UCO model. Similarly, Albertsson et al. (2014) reported the upregulation of cytokines and transcription factors starting 6 h after unilateral cerebral hypoxia ischaemia, with infiltration of inflammatory cells at 7 days post hypoxia (Albertsson et al. 2014) . Complete UCO has been reported to produce severe brain apoptosis and inflammation within days after the hypoxic insult (Castillo-Melendez et al. 2004; Castillo-Melendez et al. 2013; Aksoy et al. 2016) . Regardless of the time of response, all of these previous studies induced severe hypoxic episodes in fetuses or neonates and it is very likely that transient, partial UCO, as performed in the present study, did not produce a major damage extent compared to other hypoxia models in the brain. We have shown that UCO produced a downregulation of the ALDH1A1 gene compared to control animals independent of ketamine administration. This contrasts with reports indicating that hypoxia upregulates the expression of ALDH1A1 in corneal (Hough & Piatigorsky, 2004 ) and cancer cells (Soehngen et al. 2014 ) and might be used as a metastasis marker in solid tumors (Rodriguez-Torres & Allan, 2016) . However, in these studies, ALDH1A1 expression levels were shown to increase secondary to activation of hypoxia inducible factors (HIFs) and heat shock proteins (hsp). Our microarray results did not show any effect of UCO on HIFs or hsp expression, and so we suspect that ALDH1A1 downregulation by fetal asphyxia is a result of the activation of cellular pathways independent of HIFsand hsp activation. The fetal cerebral response to UCO after 24 h was characterized by an upregulation of macromolecular and protein catabolism processes, which might be a direct consequence of the transcriptomic response that occurred 1 h post UCO. We have observed an increase in CASP3 gene expression in the UCO group and these effects were ameliorated by ketamine infusion. Several studies have described cerebral tissue damage as a result of apoptosis in different animals and hypoxic models (Castillo-Melendez et al. 2004; Vannucci & Hagberg, 2004; Aksoy et al. 2016) , mainly as a result of the caspase signalling pathway (Northington et al. 2001; Zhu et al. 2003; Vannucci & Hagberg, 2004) and several other important proteins such as BAD (Jin et al. 2002) , NFKB (Liu et al. 2005) and MYD88 (Wang et al. 2009 ). The results of the present study only showed an upregulation of CASP3 in UCO; however, BAD, NFKB and MYD88 expression levels were unaltered. It is possible that, at 24 h post-UCO, we are only observing the downstream effects of the apoptosis pathway, characterized by the activation of caspases, as well as the negative feedback to the other adaptor proteins. Interestingly, we have also shown an upregulation of CASP3 activity in the normoxic animals treated with ketamine compared to the control. The role of NMDA receptor antagonists has been reported to induce neuronal degeneration and apoptosis in different fetal and neonatal cerebral tissues (Scallet et al. 2004; Rudin et al. 2005; Bhutta, 2007) . However, high concentrations of ketamine were administered to observe severe neuronal cell death.
In the present study, we used the clinical dose reported in neonatal intensive care units (Golden, 2001; Durrmeyer et al. 2010) and the difference of expression measured compared to the normoxic without ketamine group was significant but not robust. Moreover, other studies suggest that ketamine might have some anti-inflammatory properties (Beilin et al. 2007; Welters et al. 2011; Chang et al. 2016b ) and serve as a neuroprotective agent (Chang et al. 2016a) . These different views of the role of ketamine in clinical and basic research should be studied to assess the actual consequences of its administration in not only cerebral, but also other peripheral tissues. UCO also downregulated HBA1 gene expression compared to normoxic, irrespective of ketamine treatment. HBA1 encodes α-globin, an important subunit of fetal haemoglobin (Bisse & Wieland, 1988) . Studies have shown that both haemoglobin expression and concentration (Allen & Jandl, 1960) , as well as number of erythroblasts (Phelan et al. 1995; Korst et al. 1996) , increase in chronic hypoxia episodes as a result of erythropoietin production (Finne, 1968) leading to growth-retarded fetuses. In another hypoxic experiment, Giussani et al. (1997) reported unchanged haemoglobin levels when ovine fetuses were subjected to partial umbilical cord compressions. We consider that, at 24 h after transient UCO, there has been insufficient time to allow an increase in erythroblast number in fetal tissues. Furthermore, hypoxia can produce haemolysis as a result of the production of reactive oxygen species that might lead to a reduction of HBA1 gene expression levels (Devi et al. 2007 ). However, the exact role of the HBA1 gene in the cerebral cortex is unknown, as well as its interactions with other transcription factors, neurons and glial cells. HBA1 upregulation has been linked to long-term sleep deprivation (Cirelli et al. 2006 ) and infusion of thyroid hormones in the adult brain (Diez et al. 2008) .
There were no inflammation or immune-mediated pathways activated by UCO in the fetal brain, and, consequently, we did not see any marked effects of the administration of ketamine. We have reported that fetal HH produces an inflammatory response with macrophage accumulation in the brain (Chang et al. 2016a) ; recently, we have linked these responses to the appearance of bacterial strains in the cerebral cortex and placenta ( Zarate et al. 2017) . In the present study, interestingly, we also detected bacterial 16S expression in the fetal brain in all four groups (i.e. comprising normoxic and umbilical cord occlusion animals with and without ketamine treatment) but no increase after UCO (i.e. umbilical cord occlusion without ketamine treatment vs. normoxic without ketamine). The identification of bacterial products in normoxic and hypoxic fetuses is a breakthrough finding that might support the new concept that babies are not born sterile and that colonization of bacteria in brain might be a common event during pregnancy. We performed combined Gene Ontology network analysis to determine the brain fetal response to UCO in two different time points: an immediate (1 h) and a late (24 h) response mechanisms post-UCO. Unsurprisingly, UCO produces two different cellular responses in the cerebral cortex with very few overlapped pathways. It is very clear that, 30 min after UCO, cells are rearranging nuclear acid processes and activating repair mechanisms, although this might be a common response to any stressor. After 24 h, protein and macromolecular processes were upregulated in the cerebral cortex. These processes might involve secretion, elimination or reorganization of cellular components to increase the probability of cell survival.
In summary, we contrast two different global responses to two different hypoxic stimuli (UCO vs. HH) in the fetal cerebral cortex. In one study, HH increased the expression of inflammation mediators and immune cells in the brain. By contrast, transient and partial UCO (causing a similar decrease in fetal P aO 2 ) does not induce any immune response or cell damage and is more related to metabolic modifications and adaptations in cells. Similarly, when comparing up-and downregulated set of genes from both stimuli, the overlap was very minimal (nine upregulated and 13 downregulated). There are two main differences in these models. Fetuses subjected to HH become alkalotic as a result of maternal hyperventilation, whereas UCO produces severe fetal acidemia because of the asphyxic characteristic of the stimulus. Also, HH requires a direct maternal manipulation to reduce oxygen levels by 50% via nitrogen infusion, whereas UCO involves a direct interaction to the fetus without any manipulation of the pregnant ewe. During HH, maternal cortisol levels rises substantially (Chang & Wood, 2015) and, once released, we speculate that it might have a particular effect on the placental circulation leading to the release of bacteria previously harbored in the fetal membranes (Zarate et al. 2017) . These microorganisms could be the potential factor for the inflammation response observed in fetal brain tissues and kidneys (Chang et al. 2016b; Chang et al. 2016a) in this model. We conclude that the main difference in fetal responses to hypoxia might be a result of the CO 2 and H + concentration levels, although it is more likely related to a placental release of bacteria or inflammatory cytokines J Physiol 596.23 into the fetal circulation. Further studies will be required to determine whether maternal stress or maternal hypoxia per se can stimulate the release of bacteria into the fetus: comprising the event that we consider to be the cause of the fetal inflammation response to HH.
